Abstract: Gac (Momordica cochinchinensis Spreng.) seeds contain bioactive compounds with medicinal properties. This study aimed to determine a suitable solvent and extraction technique for recovery of important compounds, namely, trypsin inhibitors, saponins, and phenolics. The antioxidant capacity and total solids of derived extracts were also measured. Water with conventional extraction method gave the highest value of trypsin inhibitor activity (118.45 ± 4.90 mg trypsin g −1 ) while water-saturated n-butanol and methanol extracts were characterized by their highest content of saponins (40.75 ± 0.31 and 38.80 ± 2.82 mg AE g −1 , respectively). Aqueous extract with microwave assistance achieved the highest phenolics (3.18 ± 0.04 mg GAE g −1 ). As a measure of antioxidant capacity, the 2,2 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) assay gave highest value to the aqueous microwave extract (23.56 ± 0.82 µmol TE g −1 ) while the ferric reducing antioxidant power (FRAP) assay gave highest values to water-saturated n-butanol and 70% ethanol extracts (5.25 ± 0.04 and 4.71 ± 0.39 µmol TE g −1 , respectively). The total solids value was highest using water with microwave assistance (141.5 g kg −1 ) while ultrasound treatment did not improve any extractions. Therefore, trypsin inhibitors are suitably recovered using water while water-saturated n-butanol or methanol is for saponins, both using a conventional method. Microwave extraction is suitable for phenolics recovery. These conditions are recommended for an efficient recovery of bioactive compounds from defatted Gac seeds.
Introduction
Gac (Momordica cochinchinensis Spreng.) is a plant species of the family Cucurbitaceae, whose fruit is also known as red melon, baby jackfruit, spiny bitter gourd, sweet gourd and cochinchin gourd. It is native to the Southeast Asian region and is commonly grown as a crop in countries like Vietnam, Thailand, Laos, Myanmar, and Cambodia [1, 2] . The most important part of the mature fruit is the red flesh surrounding the seeds, called the aril, which is used as a colourant in rice or as a material for further processing into functional food ingredients [3] .
The seeds are not eaten; they are removed from the aril and are mostly considered waste [3] . However, in traditional medicine, Gac seeds are purported to have a wide array of therapeutic effects on a wide variety of conditions, such as fluxes, liver and spleen disorders, haemorrhoids, wounds, bruises, swelling, and pus [2, 4] . Several constituents have been identified, which could be involved in the medicinal effects of Gac seeds. These include trypsin inhibitors, such as MCoTI-I, MCoTI-II, and MCoTI-III [5] [6] [7] ; saponins, such as Momordica Saponin I (Gypsoside), Momordica Saponin II (Quillaic acid) [8, 9] ; and phenolic compounds such as gallic acid and p-hydroxybenzoic acids [10] . However, studies on how to efficiently extract these various components from Gac seeds are scarce and they are vital for facilitating future applications for these bioactives.
For any given plant bioactive, extractive yield depends on the extraction solvent, the chemical nature of the targeted component, and the characteristics of the extraction procedure. When other factors are kept constant, the extraction solvent plays a key role in obtaining the target constituents in terms of desired quality and quantity [11, 12] . The choice of the solvent is mainly done based on the chemical properties, that is, polarity or hydrophobicity, of the target compounds.
Organic solvents with medium or high polarity have been most commonly used in laboratories dealing with natural products and there is evidence that some extracts from these solvents have better activity compared with aqueous extracts [11] . However, organic solvents present safety and environmental issues. Due to the hydrophylic nature of the trypsin inhibitors and phenolics, and the amphiphilic properties of saponins in Gac seeds, aqueous solvents and the alcohols are the safest and the most environmentally-friendly solvents for the extraction of these compounds [13, 14] .
The conventional aqueous solvent extraction technique, in which the solid material is suspended in water with no assistance for breaking the cell structure of the solid material, is often associated with a long heating time, which risks the degradation of bioactive compounds. This has led to the proposed use of advanced techniques such as microwave-assisted extraction (MAE) and ultrasonic-assisted extraction (UAE) that are efficient in terms of extraction time and water consumption. In MAE, microwave heating is able to disrupt the plant cell structure via an increase in the internal pressure of the cell, thereby releasing the bioactive compounds [15] . Similarly, ultrasonic cavitation during UAE produces shockwaves that are also capable of disrupting the plant cell structure and releasing the plant bioactives [16] . These two advanced extraction methods were reported to be more efficient than the conventional method for recovering carotenoids in Gac peel [17] . They have been widely used for the recovery of bioactive compounds from plant materials and are considered the dominant trends in "green chemistry" extractions [18] .
In the present study, it was hypothesised that MAE and UAE would be better than the conventional aqueous extraction technique for the recovery of the important bioactive compounds from Gac seeds. Therefore, the extraction of trypsin inhibitors, saponins, and phenolic compounds, as well as the antioxidant activity of extracts from Gac seeds, using MAE and UAE was compared to conventional extraction with water. Furthermore, the efficiency of extraction for the MAE and UAE techniques was also compared to other alcohol solvents, namely methanol, 50% methanol, ethanol, 70% ethanol, and water-saturated n-butanol.
To date, no study has focused on assisted systems of aqueous extraction for the recovery of bioactive compounds from Gac seeds. The findings will be useful in the selection of best extraction methods specifically for the recovery of trypsin inhibitors, saponins, and phenolic compounds.
Materials and Methods

Materials
Solvents, Reagents, and Chemicals
Solvents, including ethanol, methanol, and n-butanol, and chemicals, including vanillin, sulphuric acid, and potassium persulfate were purchased from Merck (Darmstadt, Germany). Folin-ciocalteu's phenol reagent, anhydrous sodium carbonate, sodium nitrite, ferric chloride, gallic acid, 2,4,6-Tris (2-pyridyl)-s-triazine; (±)-6-hydroxy-2,5,7,8-tetramethylchromane-2carboxylic acid (Trolox), aecsin, 2,2 -azino-bis(3ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), trypsin (type I) from bovine pancreas, benzyl-DL-arginine-para-nitroanilide (BAPNA), tris, and dimethylsulfoxide (DMSO) were from Sigma-Aldrich Co. (Castle Hill, NSW, Australia). Sodium acetate trihydrate was purchased from Government Stores Department (Kingswood, NSW, Australia). Acetic acid was obtained from BDH Laboratory Supplies (Poole, UK). Sodium hydroxide was from Ajax FineChem (Taren Point, NSW, Australia) and hydrochloride acid was obtained from Lab-scan Ltd. (Bangkok, Thailand).
Gac Seeds
Gac seeds were collected from 450 kg of fresh Gac fruit from accession VS7 as classified by Wimalasiri et al. [1] . These fruits were bought at Gac fruit fields in Dong Nai province, Ho Chi Minh city, Vietnam (Latitude: 10.757410; Longitude: 106.673439). After their separation from the fresh fruit, the seeds were vacuum dried at 40 • C for 24 h to reduce moisture and increase the crispness of the shell, which would facilitate shell removal. The dried seeds were de-coated to get the kernels, which were then packaged in vacuum-sealed aluminium bags and stored at −18 • C until used.
Preparation of Defatted Gac Seed Powder
Gac seed kernels were ground in an electric grinder (100 g ST-02A Mulry Disintegrator), to pass through a sieve of 1.4 mm. The powder was then freeze-dried (Dynavac FD3 Freeze Dryer (Sydney, NSW, Australia)) for 48 h at −45 • C under vacuum at a pressure loading of 10 −2 mbar (1 Pa), to reduce the moisture content to 12.1 ± 0.2 g kg -1 . The powder was then defatted using hexane (1:5 w/v, 30 min, ×3) on a magnetic stirrer at room temperature. The resulting slurry was suction filtered and the residue (defatted powder) was air-dried for 12 h and stored in a desiccator at room temperature until used. The moisture content of the meal was recorded prior to weighing for extraction, using a MOC63u moisture analyzer (Shimazdu, Kyoto, Japan).
Methods
Extraction Methods
Initially, for the conventional extraction (CE) method, there were six extraction solvents: water (DIW), pure methanol (Methanol), 50% methanol (Methanol50%), pure ethanol (Ethanol), 70% ethanol (Ethanol70%), and water-saturated n-butanol (Butanol), examined for the extraction of bioactive compounds from Gac seeds. For the two assisting methods of UAE and MAE, only water was chosen to investigate because in the CE method it was much better than the other solvents in terms of the extraction yield of trypsin inhibitors and phenolic compounds. As such, the aqueous extract obtained using the CE method was used as a control for comparing among the extracts obtained from the different solvents using the same CE method, and also for comparing the extracts obtained with the UAE-and MAE-assisted aqueous extractions.
Based on preliminary experiments on the suitable ratio of solvent to Gac seed powder (data not shown), the ratio of 20 mL solvent per g of defatted Gac seed powder was chosen for the following extraction procedures. Preliminary experiments were also done for extraction conditions (time, temperature, microwave, and ultrasonic power) to assure these conditions were around the optimal area.
• Conventional extraction (CE) 1.5 g of defatted Gac seed powder was suspended with 30 mL of each solvent in a covered tube. The mixture was kept under constant shaking in a shaking water bath at 40 ± 1 • C for 30 min.
• Ultrasonic-assisted extraction (UAE) UAE was investigated with only water because it was the best solvent for both trypsin inhibitors and phenolics in the conventional extraction.
1.5 g of defatted Gac seed powder was suspended with 30 mL of deionized water (DIW). UAE was carried out in an ultrasonic bath (Soniclean, 220 V, 50 Hz and 250 W, Soniclean Pty Ltd., Thebarton, SA, Australia) with the working power and temperature were set at 250 W and 40 • C, respectively. The maximum power of 250 W was chosen based on previous studies on ultrasound-assisted extraction of phenolic compounds [19] and saponins [20] . The suspensions were sonicated for 30 min in covered vessels to avoid evaporation. To measure the temperature of the ultrasonic bath, an external digital thermometer was also used. In the case that the ultrasonic bath exceeded the designated temperature, tap water was used to maintain the required temperature.
• Microwave-assisted extraction (MAE) MAE was investigated with only water because it was the best solvent for both trypsin inhibitors and phenolics in the conventional extraction.
MAE was performed using a R395YS Sharp Carousel microwave oven (1200 W, Sharp Corporation, Bangkok, Thailand) at the set radiation power of 600 W. This level of power was chosen based on previous studies on microwave-assisted extraction of phenolic compounds [21] and saponins [22] . An amount of 1.5 g of defatted Gac seed powder was mixed with 30 mL DIW in a 100 mL conical flask. The flask mouth was tightly wrapped with plastic film and the suspension was left soaking for 45 min at ambient temperature of 22 ± 1 • C before the microwave treatment was applied (four cycles of 10 s power on and 15 s power off per cycle). The temperature of the suspension was recorded as 66 ± 1 • C at the end of the extraction process.
• Filtration After all extractions, the suspensions were rapidly cooled to ambient temperature in an ice water bath, and filtered through a Whatman No.1 filter paper. The clear extracts were collected and kept at −20 • C for less than a week before analysis. Before analysis, the different filtrates needed to be diluted appropriately with DIW.
Determination of Trypsin Inhibitor Activity (TIA)
The TIA assay was performed as described by Makkar et al. [23] and Stauffer [24] . A synthetic substrate, benzyl-DL-arginine-para-nitroanilide (BAPNA), was subjected to hydrolysis by trypsin to produce the yellow-coloured p-nitroanilide. The degree of inhibition of the development of the yellow colouring by the extracts, a measure of trypsin inhibitor activity, was measured at 385 nm. When subjected to the analytical procedure for the standard, 2 mL of this solution gave an absorbance value in the range of 0.576 ± 0.026 after subtracting the reagent blank at 385 nm.
Determination of TIA
From each appropriately diluted filtrate, 4 test tubes were prepared according to Table 1 . All the prepared test tubes were kept in a water bath at 37 • C for 10 min to promote the formation of an enzyme-inhibitor complex; 5.0 mL of BAPNA solution pre-warmed to 37 • C was then added into each tube. The contents of the tubes were well mixed after each addition. The tubes were then incubated in the water bath at 37 • C for another 10 min before 1 mL of 30% acetic acid solution was added to each tube to stop the reaction. Then 2.0 mL of trypsin solution was added into each blank tube (Table 1) .
After thorough mixing, the absorbance of the reaction mixture (due to the release of p-nitroanilide) was measured at 385 nm using a Cary 50 UV-vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). 
Calculation
The change in absorbance (A I ) due to the trypsin inhibitor per mL of diluted extract is (
where the subscripts refer to tubes (a) to (d) above. Since 1 µg pure trypsin would give an absorbance of 0.0190, the weight of pure trypsin inhibited per mL of diluted extract is A I /0.019 µg. From this value, the trypsin inhibitor activity (TIA) is calculated in terms of milligrams of pure trypsin per gram of defatted Gac seed powder on a dry-weight basis (mg g -1 ) (Equation (1)).
TIA = mg of pure trypsin inhibited per gram of dried defatted Gac seed powder
where,
Original volume of solvent (mL) D: Dilution factor for the filtered extract S: Weight of defatted Gac seed powder sample extracted (g) 19: Constant figure based on the absorbance given by 1 mg of pure trypsin m%: moisture content of defatted Gac seed powder
Determination of Total Saponin Content (TSC)
The TSC was determined according to Tan et al. [25] with some modifications. Briefly, 0.25 mL of diluted extract was mixed with 0.25 mL of 8% vanillin solution in ethanol (w/v) and 2.5 mL 72% sulfuric acid (v/v). The mixture was vortexed and incubated in a water bath at 60 • C for 15 min and then cooled on ice for 10 min. The absorption of the mixture was measured at 560 nm using a Cary 50 UV-vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) against a reagent blank. Aecsin was used as a standard and the results were expressed as Aecsin equivalents per gram dry weight of defatted Gac seed (mg AE g −1 ).
Determination of Total Phenolic Content (TPC)
The total phenolic content of Gac seed extracts was determined according to the method of Tan et al. [26] with some modifications. Briefly, 0.5 mL of diluted extract was mixed with 2.5 mL of 10% (v/v) Folin-Ciocalteu reagent in water and incubated at room temperature for 2 min to equilibrate. Then, 2 mL of 7.5% (w/v) sodium carbonate solution in water was added and the mixture was incubated at room temperature for 1 h. The absorption of the reaction mixture was recorded at 765 nm using a Cary 50 UV-vis spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) against a reagent blank. Gallic acid was used as a standard and results were expressed as Gallic acid equivalents per gram dry weight of defatted Gac seed (mg GAE g −1 ).
Determination of Antioxidant Capacity
Two methods, namely the 2,2-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) and ferric reducing antioxidant power (FRAP) assays, were performed to assess the antioxidant capacity of the Gac seed extracts.
• ABTS The ABTS assay was as described by Tan et al. [26] with slight modifications. A stock solution of 7.4 mmol L −1 ABTS was freshly prepared and 2.6 mmol L −1 potassium persulfate solution was prepared and kept at 4 • C in dark bottle for use within a month. A fresh working solution was prepared for each assay by mixing the previous stock solutions in equal quantities and incubating them for 15 to 16 h in the dark at room temperature. Then, 1 mL of the working solution was diluted with approximately 30 mL of methanol to obtain an absorbance of 1.1 ± 0.02 units at 734 nm using a UV spectrophotometer (Varian Australia Pty. Ltd., Mulgrave, VIC, Australia). An amount of 0.15 mL of each sample was mixed with 2.85 mL of the working solution and incubated for 2 h in the dark at room temperature. The absorption of the reaction mixture at 734 nm was measured using the spectrophotometer. Trolox was used as a standard and results were expressed as mg Trolox equivalents per gram of dry defatted Gac seed sample (mg TE g −1 ).
• FRAP FRAP was estimated following the method of Thaipong et al. [27] , based on the increase in absorbance at 593 nm. The fresh FRAP working solution was initially prepared by mixing 300 mmol L −1 acetate buffer (pH 3.6), 10 mmol L −1 iron reagent (TPTZ) in 40 mmol L −1 HCl, and 20 mmol L −1 FeCl 3 .6H 2 O in the ratio of 10:1:1. The fresh working solution was warmed at 37 • C before using. An amount of 2.85 mL of the working FRAP solution was added to 0.15 mL of diluted sample and incubated at room temperature in the dark for 30 min before its absorbance was read at 593 nm using a Cary 50 UV-vis spectrophotometer (Varian Australia Pty. Ltd., Mulgrave, VIC, Australia). Trolox was used as a standard and the antioxidant capacity of each sample, based on its ability to reduce ferric ions, was expressed as mg Trolox equivalents per gram of dry defatted Gac seed sample (mg TE g −1 ).
Determination of Total Solids
To determine the total solids, 10 mL of each filtered extract was transferred to a tared flat-bottomed glass vial and then dried at 95 • C and vacuum pressure of 60 KPa for 24 h in a vacuum oven (Thermoline, Wetherill Park, NSW, Australia) until constant weight was achieved. These vials were cooled in a desiccator for 30 min and weighed. The total solids were calculated in g dried extract per kg of dried defatted Gac seed powder, using Equation (2), where TS is the total solids, DE (g) is the mass of dried extract after the drying, and DW (g) is the mass of dried defatted powder which had been used for the extraction.
Statistical Analyses
Experiments were performed in triplicate, and means ± SD were assessed using one-way ANOVA and Tukey's Post Hoc Multiple Comparisons test with the IBM SPSS Statistics 24 program (IBM Corp., Armonk, NY, USA). Differences in means were considered statistically significant at p < 0.05. The correlations and significance of correlations were tested using the same software at the level of 0.05.
Results and Discussion
Effect of Extraction Methods on the Trypsin Inhibitor Yield
The extraction yield of trypsin inhibitors was measured by the trypsin inhibitor activity (TIA) of the extracts. The highest TIA (118.45 ± 4.90 mg g −1 ) was found in the extract produced using the conventional aqueous extraction method (Figure 1 ). This value is higher compared with the ones that have been reported for other seeds, such as 0.34-12.50 mg g −1 for peas [28] , 3 mg g −1 for soybean [29] , and 18.9 mg g −1 for fresh soya meal [30] , revealing that Gac seeds can be an important source for recovery trypsin inhibitors. Of the aqueous extracts, the extract with the conventional method gave the highest TIA value, followed by UAE and MAE. Although these two assisted extraction techniques have been reported to improve the extraction of bioactives from plant materials [18] , it was not the case for the extraction of trypsin inhibitors from the Gac seeds (Figure 1 ). In fact, it appears that the ultrasound and microwave treatments had a negative impact on the Gac seed trypsin inhibitors as has previously been observed for trypsin inhibitors in soybeans [31, 32] and in bean seeds [33] .
The temperature achieved during MAE (66 °C) may have caused some denaturation of the trypsin inhibitors and therefore may explain the loss of TIA when using this method; however, temperature was unlikely to be an issue with UAE as the same temperature (40 °C) was used as for the conventional aqueous extraction. Additionally, two of the known trypsin inhibitors in Gac seeds, MCoTI-I and MCoTI-II, are known to be cysteine knot peptides, which can withstand being extracted with boiling water for 1 h [14] , which means that the temperature is not a crucial factor.
As shown in Figure 1 , the TIA values of all the aqueous extracts were significantly higher than for the organic solvent extracts. This is due to trypsin inhibitors being polypeptides, which are likely to be more soluble in aqueous media than in organic solvents [5] [6] [7] .
Of the alcohol solvents, only 50% methanol was able to extract appreciable TIA but this was less than 50% of the activity observed with the conventional water extraction (Figure 1) . The TIA for the extract with saturated n-butanol was undetectable while the values for the extracts of methanol, ethanol, and 70% ethanol were low and insignificantly different from each other (Figure 1) .
It is well known that alcohols can denature and precipitate proteins and the Gac seed trypsin inhibitors may be similarly affected. This is consistent with the observations by Nicholls, Sharp, and Honig [34] , who found that the conformation of trypsin inhibitors from soybean was changed due to the effect of n-propanol. Others have also reported on the use of organic solvents to deactivate trypsin inhibitors in soybeans [35] [36] [37] . Furthermore, a more hydrophobic solvent, dichloromethane/methanol (1:1), was not suitable for the extraction of the two known trypsin Of the aqueous extracts, the extract with the conventional method gave the highest TIA value, followed by UAE and MAE. Although these two assisted extraction techniques have been reported to improve the extraction of bioactives from plant materials [18] , it was not the case for the extraction of trypsin inhibitors from the Gac seeds (Figure 1 ). In fact, it appears that the ultrasound and microwave treatments had a negative impact on the Gac seed trypsin inhibitors as has previously been observed for trypsin inhibitors in soybeans [31, 32] and in bean seeds [33] .
The temperature achieved during MAE (66 • C) may have caused some denaturation of the trypsin inhibitors and therefore may explain the loss of TIA when using this method; however, temperature was unlikely to be an issue with UAE as the same temperature (40 • C) was used as for the conventional aqueous extraction. Additionally, two of the known trypsin inhibitors in Gac seeds, MCoTI-I and MCoTI-II, are known to be cysteine knot peptides, which can withstand being extracted with boiling water for 1 h [14] , which means that the temperature is not a crucial factor.
Of the alcohol solvents, only 50% methanol was able to extract appreciable TIA but this was less than 50% of the activity observed with the conventional water extraction (Figure 1) . The TIA for the extract with saturated n-butanol was undetectable while the values for the extracts of methanol, ethanol, and 70% ethanol were low and insignificantly different from each other (Figure 1 ).
It is well known that alcohols can denature and precipitate proteins and the Gac seed trypsin inhibitors may be similarly affected. This is consistent with the observations by Nicholls, Sharp, and Honig [34] , who found that the conformation of trypsin inhibitors from soybean was changed due to the effect of n-propanol. Others have also reported on the use of organic solvents to deactivate trypsin inhibitors in soybeans [35] [36] [37] . Furthermore, a more hydrophobic solvent, dichloromethane/methanol (1:1), was not suitable for the extraction of the two known trypsin inhibitors in Gac seeds, MCoTI-I, and MCoTI-II [14] .
Effect of Extraction Methods on the Total Saponin Content (TSC)
In this study, MAE increased the extraction of saponins from Gac seeds by 40% in comparison to the conventional aqueous extraction method but UAE did not have a significant effect (Figure 2) . Despite of MAE improved the recovery of saponins, the extraction was less efficient than for most of the non-water solvents; the highest TSC was found in the butanol and methanol extracts (Figure 2 ), which were 2-fold higher than the TSC of the MAE extract and not significantly different from each other. which were 2-fold higher than the TSC of the MAE extract and not significantly different from each other. Due to their amphiphylic nature, saponins are usually extracted with water or alcohols using many different techniques [13, 38] . The present results indicate that the Gac seed saponins are more soluble in alcohols than in water (Figure 2) , which is consistent with these saponins being triterpenoids [8, 9] . The finding that butanol and methanol were the best solvents for the extraction of the Gac seed saponins (Figure 2 ) is also consistent with previous studies. For example, butanol has been reported to be the solvent of choice for the extraction of saponins from the hull of Chenopodium quinoa seeds [39] while methanol has been used widely to extract saponins from a wide range of plant matrices [13, 38] . Nonetheless, if the safety and economical characteristics of the solvent extraction system are a high priority, then water with MAE could be a reasonable choice for the extraction of Gac seed saponins.
Effect of Extraction Methods on Total Phenolic Content (TPC)
The MAE system was the best way to extract the phenolics from the defatted Gac seed powder. MAE increased the TPC of the Gac seed extract by 25% compared to the conventional water extraction but UAE had no effect (Figure 3) . However, the three water-based extractions were better than all the organic solvent extractions tested and the TPC for the MAE was 2.2 times higher than for the best of the alcoholic extractions tested, 70% methanol (Figure 3 ). These findings suggest that the extractable Due to their amphiphylic nature, saponins are usually extracted with water or alcohols using many different techniques [13, 38] . The present results indicate that the Gac seed saponins are more soluble in alcohols than in water (Figure 2) , which is consistent with these saponins being triterpenoids [8, 9] . The finding that butanol and methanol were the best solvents for the extraction of the Gac seed saponins (Figure 2 ) is also consistent with previous studies. For example, butanol has been reported to be the solvent of choice for the extraction of saponins from the hull of Chenopodium quinoa seeds [39] while methanol has been used widely to extract saponins from a wide range of plant matrices [13, 38] . Nonetheless, if the safety and economical characteristics of the solvent extraction system are a high priority, then water with MAE could be a reasonable choice for the extraction of Gac seed saponins.
The MAE system was the best way to extract the phenolics from the defatted Gac seed powder. MAE increased the TPC of the Gac seed extract by 25% compared to the conventional water extraction but UAE had no effect (Figure 3) . However, the three water-based extractions were better than all the organic solvent extractions tested and the TPC for the MAE was 2.2 times higher than for the best of the alcoholic extractions tested, 70% methanol (Figure 3 ). These findings suggest that the extractable phenolic compounds from Gac seeds are very hydrophilic, which is consistent with gallic acid and p-hydroxybenzoic acids being previously identified in Gac seeds [10] . 
Effect of Extraction Methods on Total Solids and Antioxidant Capacity
Among the three extraction techniques using water as extracting solvent (CE, MAE, and UAE), MAE gave the highest TS value, followed by the conventional method, and then UAE ( Table 2 ). The three aqueous extraction methods also gave higher TS values than all the alcohol extraction methods. These results suggest that the extractable material in the defatted Gac seed powder is highly polar, which is consistent with the finding that the aqueous extractions are enriched in trypsin inhibitors [6, 40] (Figure 1 ) and phenolics [10] (Figure 3) . The antioxidant capacity of the extracts was measured using two assays-ABTS and FRAP. The 
Among the three extraction techniques using water as extracting solvent (CE, MAE, and UAE), MAE gave the highest TS value, followed by the conventional method, and then UAE ( Table 2) . The three aqueous extraction methods also gave higher TS values than all the alcohol extraction methods. These results suggest that the extractable material in the defatted Gac seed powder is highly polar, which is consistent with the finding that the aqueous extractions are enriched in trypsin inhibitors [6, 40] (Figure 1 ) and phenolics [10] (Figure 3) . The antioxidant capacity of the extracts was measured using two assays-ABTS and FRAP. The extracts from the MAE and conventional aqueous method gave the highest value for ABTS (Table 2 ). For the FRAP assay, MAE and UAE did not improve the activity compared to the conventional extraction. Furthermore, the water-saturated butanol and the 70% ethanol extracts gave the highest FRAP values. Therefore, it is likely that the ABTS assay measured the antioxidant activity due to hydrophilic compounds, such as the Gac seed TPC (Figure 3 ), while the FRAP assay measured antioxidant activity due to more hydrophobic compounds, such as the Gac seed saponins (Figure 2 ). However, it may also be due to the FRAP assay measuring ferric reducing power of the extract rather than the free radical scavenging activity measured by the ABTS assay [27] .
Correlations between Bioactive Compounds and Total Solids and Antioxidant Activity in the Extracts
As seen in Table 3 , TIA was highly correlated with the amount of total solids across all the extracts. This could suggest that the trypsin inhibitors contributed to the total solids in the aqueous extracts ( Figure 1 ). However, it is more likely that different proteins, not just the trypsin inhibitors, contributed to the total solids in the aqueous extracts [41] . In contrast, there were no correlations between TIA and the ABTS or FRAP values across the extracts (Table 3) , which suggest that Gac seed trypsin inhibitors are unlikely to have antioxidant activity. However, in another study [42] , trypsin inhibitors from Cajanus cajan and Phaseolus limensis were observed to possess FRAP antioxidant activities comparable to that of ascorbic acid. The difference in molecule structure of these trypsin inhibitors and the purity of the extracts possibly explained their different contributions to antioxidant activity [43] . There was also a very strong correlation between TPC and TS (Table 3) , confirming the highly polar nature of the phenolic compounds in Gac seeds [10] . Phenolic compounds in plant materials are found to be well correlated with antioxidant potential [44, 45] . The results in Table 3 also show that the TPC values correlated strongly with the ABTS antioxidant activity but not with the FRAP values. This suggests that the phenolic compounds present in Gac seed extracts acted as antioxidants through the mechanism of free radical scavenging (of ABTS) rather than the mechanism of reducing of the oxidised intermediate in the FRAP chain reaction or through chelation [27] . Polyphenols that can neutralise free radicals by donating an electron or hydrogen atom [46] result in their strong antioxidant capacity possibly explained the correlation between TPC and ABTS in Gac seed extracts.
There were no significant correlations between the TSC and the TS, ABTS, and FRAP values across the extracts ( Table 3 ), revealing that the saponins did not relate to the amount of material extracted from the defatted Gac seed powder and that they were not the main drivers of the ABTS or the FRAP antioxidant activity. However, a report of Tan et al. [26] showed that saponins from bitter melon correlated as strongly as phenolics with antioxidant capacity (R 2 ranged from 0.87 to 0.93). The structural diversity of different saponins from different materials possibly explains their variations in antioxidant activity.
Conclusions
MAE proved to be the best method for extracting phenolic compounds and the best aqueous extraction method for recovering saponins but it did not improve the extraction of trypsin inhibitors, for which the conventional water extraction was the best method. For saponins, water-saturated n-butanol and methanol were more efficient than MAE. On the other hand, UAE did not show any improvement in comparison to the tested conventional extraction methods.
Therefore, this study demonstrated that the choice of solvent and extraction method plays an important role in the recovery of bioactive compounds from defatted Gac seeds. The MAE method is recommended for the extraction of phenolic compounds and saponins, if an aqueous extraction is preferred due to the safety and environmental concerns when organic solvents are used. However, the conventional water extraction method is the best option for the extraction of trypsin inhibitors. Funding: This research received no external funding.
